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Performance of diamond-like carbon-protected rubber under cyclic friction. I.
Influence of substrate viscoelasticity on the depth evolution
D. Martinez-Martinez,a) J. P. van der Pal, Y. T. Pei, and J. Th. M. De Hosson
Materials innovation institute M2i, Department of Applied Physics, University of Groningen,
Nijenborgh 4, 9747 AG Groningen, Netherlands
(Received 29 June 2011; accepted 29 October 2011; published online 20 December 2011)
In this paper, the influence of the viscoelastic properties of rubber substrate on the tribological
behavior of DLC film-coated alkyl acrylate rubber is studied. The mechanical behavior of the
rubber was first characterized by creep experiments using spherical indentations. The results were
adjusted using a delayed elasticity model, and a numerical simulation of the indentation of the
sliding counterpart ball during the tribotest was carried out. The results show a progressive increase
of the contact depth, which is in agreement with the experimental observations. VC 2011 American
Institute of Physics. [doi:10.1063/1.3665443]
I. INTRODUCTION
In previous papers,1–5 we have investigated the applica-
tion of diamond-like carbon (DLC) films as an optimal pro-
tective coating for rubbers used as seals in ball bearings.
DLC films were selected because of their excellent proper-
ties, like relatively high hardness, chemical inertness, low
coefficient of friction (CoF), and low wear rate.6 Their chem-
ical composition based on C and H provided good compati-
bility and adhesion with the rubber-substrate materials.1 The
microstructure and flexibility of DLC films deposited with
plasma-assisted chemical vapor deposition (PACVD) was
tailored by tuning the growth conditions in terms of bias
voltage and treatment time.2,3 As a result, the temperature
variation during film growth could be controlled,2 which
defined the thermal stresses in the system and thus the den-
sity of crack network. In addition, it was demonstrated that
bias voltage did not produce a major influence on the chemi-
cal bonding in the DLC films,3 and the differences in tribo-
logical performance among the films were mainly related to
the different microstructures.2
The tribological performance of the DLC-protected rub-
bers is excellent, with negligible wear and much lower CoFs
than the unprotected rubber.1,2 For instance, Fig. 1 shows the
reduction of CoF from 1.3–1.4 for unprotected alkyl acrylate
(ACM) rubber to values below 0.25 after protection with a
DLC film. The significant improvement in tribological per-
formance can be attributed to the reduced adhesive interac-
tion between the steel counterpart and the DLC film. The
evolution of the CoF during the tribotest was demonstrated
to depend on the viscoelastic properties of the rubber.1 In
fact, a parallel behavior of the ball depth and the CoF was
observed (see also Fig. 1). However, the reasons for this kind
of behavior are not clear.
The aim of this work is to evaluate the mechanical prop-
erties of the rubber substrate using the same contact geome-
try as used in the experiments, and to study their influence
on the depth evolution of a wear track during the tribotest by
a simple model. The frictional behavior requires a more
complex approach, and it is described in another paper.7
II. EXPERIMENTAL DETAILS
DLC thin films were deposited on alkyl acrylate (ACM)
rubber by means of plasma-assisted chemical vapor deposi-
tion (PACVD) in a Teer UDP/400 close-field unbalanced
magnetron sputtering rig, with all the magnetrons powered
off. A pulsed dc (p-dc) power unit (Advanced Energy) was
used as substrate bias source, operating at 250 kHz with a
pulse-off time of 500 ns and voltages between 300 and 600 V.
Before deposition, the rubber substrates were cleaned by two
subsequent wash procedures using a detergent solution and
boiling water, to improve the film adhesion by removal of the
dirt and the wax present in the rubber, respectively.2,8 The
deposition process was composed by two etching steps in Ar
and Ar/H2 mixtures, respectively, followed by the deposition
in an Ar/C2H2 environment. During these steps, the tempera-
ture of the rubber varied as a result of ions impingement, and
the film microstructure could be tailored because of the differ-
ent thermal stresses during the growth.2 Further details about
the deposition conditions can be found elsewhere.1–3
The tribological performance was evaluated at room
temperature on a CSM tribometer with a ball-on-disk config-
uration, operating at 356 2% relative humidity controlled
by a humidity regulator. The counterpart was a 16-mm
commercial 100Cr6 steel ball. The tribotest conditions were
1-N normal load, 20-cm/s sliding speed, and 10,000 laps
length on a118-mm wear track.
The estimation of the mechanical properties of rubber
was done by creep experiments using a spherical indenter.
The equipment used was a CSM Revetest scratch tester, set-
ting the linear speeds to zero (i.e., indentation configuration)
and using a 16-mm spherical tip. This arrangement is very
adequate to mimic the conditions during a tribotest, because
the loads and the indenter geometry are the same. The main
difference is the much lower frequency when compared to
the tribotest. Because the equipment used for performing the
indentation does not allow working at constant load, the
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minimum unloading rate (0.01 N/min) was used, which can
be considered as a quasi-constant load-indentation process.
The total indentation time for each indentation depends on
the load limits. Two types of experiment were done for each
load (1, 2, and 5 N), varying the number and duration of the
indentations (Table I summarizes the conditions of the meas-
urements performed at 2 N). In all cases, the initial load has
been selected higher than the ending one to avoid possible
effects of extra loading. Thus, at very long loading times
(i.e., when a steady-state deformation is reached), small posi-
tive deformations (i.e., rubber recovery) might be expected
(the load slightly decreases during the indentation), but they
were not observed experimentally.
III. RESULTS AND DISCUSSION
A. Evaluation of mechanical properties of rubber
Figure 2 shows the results of both sets of creep experi-
ments performed on ACM rubber. It can be seen that the de-
formation (indentation depth) D0 decreases with the number
of cycles as the accumulated residual deformation from previ-
ous indentations becomes larger and larger. In addition, the
depth during each cycle of the short creep indentations did
not reach a steady state that was always observed during the
long ones. Many different models can be considered to fit the
viscoelastic behavior of materials. In particular, different
arrangements of springs and dashpots have been typically
used. A spring represents a perfect elastic behavior, and it is
characterized by its resistance to deformation g, whereas a
dashpot represents a perfect viscous deformation, and it is
characterized by its viscosity g. The so-called Maxwell and
Voigt models are the simplest possible arrangements of both
elements, in series and in parallel, respectively (see Figs. 3(a)
and 3(b)). The former one describes steady creep, whereas
the latter one defines a purely viscoelastic deformation whose





However, a Voigt model does not account for purely (imme-
diate) elastic deformations, and typically a second spring is
located in series with the Voigt unit, which also avoids an
initial infinite force in relaxation tests.9 This arrangement
(Fig. 3(c)) is called a standard linear model (SLS), and there-
fore includes both elastic and viscoelastic deformations (a
Maxwell unit in parallel with a spring is equivalent).
When a sphere of radius R contacts under a normal force
F0, an elastic incompressible planar solid with shear modulus
G, the radius and depth of contact (a and D0, see Fig. 4) can
be calculated by the Hertzian equation:10








According to Radok,10,11 the solution for viscoelastic sys-
tems can be obtained by replacing the elastic constant in the
elastic solution by the corresponding integral operator for the
viscoelastic stress–strain relation. Because, in this particular
case, the load history of the sample is known, the variation
in deformation can be found from the elastic solution by












Short creep 20 2.01 1.99 2 40
Long creep 4 2.10 1.90 20 80
FIG. 2. (Color online) Creep measurement during spherical indentation on
ACM rubber at 2 N load: (a) short indentations, and (b) long indentations.
The points and lines represent the experimental data and fitting with Eq. (7),
respectively.
FIG. 1. (Color online) Tribological performance of uncoated and DLC film-
coated ACM rubber.
FIG. 3. Models composed by combinations of springs and dashpots: (a)
Maxwell, (b) Voigt, (c) standard linear solid, and (d) double Voigt.
124906-2 Martinez-Martinez et al. J. Appl. Phys. 110, 124906 (2011)
Downloaded 21 Dec 2011 to 129.125.63.113. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions
replacing the constant 1/(2G) by the creep compliance (/) of
our particular viscoelastic arrangement. Thus, expression (2)







The creep compliance specifies the strain response to
changes in stress. In the case of a SLS and a step change in
stress, the creep compliance can be expressed as:











This system will show first an elastic deformation immedi-
ately after the application of the load F0, whose magnitude is
controlled by g1. Then, it will deform with time depending
on T2, until reaching a maximum viscoelastic deformation
controlled by g2. Considering a sinusoidal evolution of the
load (instead of a step change), expressions for the storage
and loss modulus of the system depending on the spring and
dashpots characteristics can be derived.9













    2=3
: (5)
However, the fitting procedure of the experimental data
(Fig. 2) with this equation failed. We anticipated that the
elastic deformation may be not immediate, but only much
faster than the viscoelastic one. Therefore, the SLS model
was modified by the addition of a second dashpot in parallel
to the first spring, and thus leading to a double Voigt model
(cf. Fig. 3(d)). The indentation depth according to this model
can be written as:


















where T1 should be much shorter than T2 for a faster reaction
of the first element. The fitting of the first cycle was success-
ful, but further modification was needed to include the resid-
ual deformation accumulated in the rubber prior to the next
indentations. When the rubber is unloaded, a certain recov-
ery is obtained (see Fig. 5). Thus, the new cycle starts from a
situation where a certain deformation is already produced,
i.e., with an offset in the time:


















where t0i, with i¼ 1, 2, are the offsets for both Voigt units
(the fast and the slow one). As shown in Fig. 5, those times
are not directly related to the loading and unloading times,
because they account for the present deformation in the
Voigt elements when the next loading cycle starts. In fact,
the values of t0i typically increase with the number of cycles
(see that t0i for the third cycle is larger than in the second
one in Fig. 5). In addition, it has to be considered that the
value of t01 is different from the t02, because the degree of
deformation and recovery of both Voigt units is not the same
during loading and unloading. Function 7 was used for fitting
all of the curves from both experiments. In that procedure,
the test conditions (load and ball radius) were known (the
same as in the tribotests), and the material parameters (g1,
g2, T1, and T2) were kept common and optimized together.
The values of t01 and t02 were set as free parameters, except
for the case of the first cycles of both experiments where
they were set equal to zero. Figure 2 shows the fittings
obtained for both sets of measurements described in Table I.
The fittings show an excellent agreement with the experi-
mental results in all of the measurements. The results
obtained for ACM rubber at different loads are shown in
Table II. It can be seen that the values obtained at lower
loads are similar, whereas the values observed at 5 N are
larger. This is particularly clear for the values of viscosity,
which are a factor of four times larger than at 2 N. However,
the T2/T1 and g2/g1 ratios are similar in all of the cases. Thus,
FIG. 4. (Color online) Scheme of the deformation of the rubber under spher-
ical indentation assuming a Hertzian contact.
FIG. 5. (Color online) Deformation of a Voigt unit under loading and
unloading cycles. The values of Ai* used for loading and unloading cycles
during the simulation of depth variation in a tribotest are also depicted.
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in all of the cases, T2 is around one order of magnitude larger
than T1, in agreement with two different kinetics of deforma-
tion. In addition, the ratio g2/g1 is lower than 1, indicating a
larger maximum deformation of the slow Voigt unit.
B. Simulation of the evolution of depth during
a tribotest
The model used so far can be extended for simulating
the indentation depth of a sliding ball at any position on a
wear track when the ball consecutively passes it during a tri-
botest. For a wear track of radius r, the time for the ball to





The time of contact between the ball and one point is only a
certain fraction of this time, and the unloading time (used for




; tunload ¼ tlap ÿ tload; (9)
where a is the Hertzian radius of contact between the sub-













For tribotesting, Eq. (7) can be re-written as:
D0 tð Þ ¼ D1 þ D2ð Þ
2=3














Di represent the temporal deformation of each Voigt ele-
ment, with i¼ 1 and i¼ 2 for the “fast” and “slow” reacting
















Thus, A1 and A2 define the deformation of the double Voigt
system at infinite time:
D0 t!1ð Þ ¼ A1 þ A2ð Þ
2=3: (13)
In the case of unloading, Eq. (11) needs to be modified as:
D0 tð Þ ¼ D1 þ D2ð Þ
2=3









because the deformation during unloading (ball passes away)
is in the opposite direction (recovery), and its value at infinite
time must be zero (full recovery). Both parameters Ai can be
considered as pre-exponential factors that control the magni-
tude of deformation of each Voigt element (see Fig. 5). Dur-
ing the first loading cycle, Ai ¼ Ai, because t0i ¼ 0 (i.e.,
there is no previous deformation). However, during the next
cycles, the values of Ai depend on the final deformation of
each Voigt element at the end of the previous loading cycle
(see Fig. 5). Thus:
Ai unloadð Þ ¼ Di end of previous load cycleð Þ; (15a)
Ai loadð Þ ¼ Ai ÿ Di end of previous unload cycleð Þ: (15b)
The combination of Eqs. (10)–(15) allows simulating the
depth variation during a tribotest, as can be seen in Fig. 6(a).
The continuous lines represent the simulation for a tribotest
carried out in the same conditions as Fig. 1. They symbolize
the maximum and minimum depth achieved on each lap, i.e.,
immediately after and before each pass of the ball, respec-
tively. It can be seen that a steady state is reached at a value
that agrees well with experimental observations (cf. Fig. 1),
although its kinetics are too fast. One possible explanation is
an underestimation of the relaxation times during the creep
at the creep measurements; in fact, a more progressive depth
evolution can be seen on a simulation performed using the
larger viscosities obtained in the measurement performed at
5 N (cf. Table II), what are represented by dashed lines in
Fig. 6(a). Figure 6(b) represents the deformation of each
Voigt unit during the tribotest for the former case. Different
deformation kinetics are observed for both elements, caused
by their different values of relaxation time. In fact, the
behavior is very similar to the one expected for a SLS (im-
mediate elastic response followed by the viscoelastic defor-
mation), although in this case the elastic deformation is not
immediate, but much faster than the viscoelastic one. Thus,
the double Voigt model can be considered as a small modifi-
cation of the SLS. In addition, it can be seen that the defor-
mation of the “fast” unit is smaller than the “slow” one, in
agreement with the g2/g1 ratio (cf. Table II). Moreover, it
can be seen that “fast” unit shows a greater difference
between the maximum and minimum deformation than the
“slow” unit (it can be better appreciated once the steady state
is reached). In fact, the “fast” unit is responsible for the dif-
ference observed in the overall system (cf. Fig. 6(a) in the
steady state), an effect not observed in the simulation for
larger values of gi (both dashed lines appear together). This
is caused by the deformation sequence during the tribotest,
TABLE II. Mechanical properties of ACM rubber measured by creep
experiments after fitting to a double Voigt model.
Indentation load (N)
Parameter 1 2 5
g1 (GPa) 0.35 0.46 0.63
g2 (GPa) 0.25 0.28 0.39
g1 (GPas) 2.5 3.9 14.7
g2 (GPas) 20.5 23.7 85.2
T1 (s) 7.2 8.5 23.5
T2 (s) 81.9 85.1 218.0
g2/g1 0.72 0.61 0.62
T2/T1 11.4 10.0 9.3
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which is depicted in Figs. 6(c) and 6(d). Figure 6(c) shows a
magnified view of two regions of Fig. 6(a) (the beginning of
the test and the steady state), including the variation of defor-
mation taking place during each lap. It can be seen that the
loadings cause a deep increase of deformation in every lap,
and this deformation is relaxed in the unloading period. At
the beginning of the test, the relaxation is not enough to
recover the deformation occurred during the loading, and the
overall depth increases. This is sketched in Fig. 6(d) as a pro-
gressive increase of the cross section of the tribotrack during
the test. In contrast, when the steady-state condition is
reached, the deformation caused during the loading fraction
of the lap is recovered during the unloading fraction. There-
fore, the cross section is kept confined between the minimum
and maximum values observed immediately before and after
the loading, respectively. The magnitude of this variation
depends mainly on the relaxation time of the “fast” Voigt
unit (T1), because a low value allows its rapid response to
the (un)loading. Thus, in case of larger viscosities, the maxi-
mum and minimum depths are much closer (cf. Fig. 6(a),
and the “slow” Voigt unit in Fig. 6(b)).
Although this model gives good values of depth
achieved by the ball and provides a good qualitative explana-
tion about rubber behavior during the tribotest, it has two
major drawbacks. First, the deformation kinetics are not cor-
rect, which can be related to the underestimation of the vis-
cous parameters during its measurement, or more probably
caused by the rough approach used for the estimation of the
contact time during each pass. In addition, a tribotest is not a
sequence of indentations at a given frequency, but also the
presence of lateral forces must be considered. As a conse-
quence, this model cannot indicate anything about the behav-
ior of the friction during the tribotest. Therefore, a different
approach is needed for that kind of analysis, which is studied
in another paper.7
IV. CONCLUSIONS
The evolution of the ball depth on DLC film-coated
ACM rubber during tribological tests has been analyzed using
simple viscoelastic models. The viscoelastic parameters were
estimated by a creep test using spherical indentation and fit-
ting to a double-Voigt model. The depth increases in each
pass of the ball over the rubber, and recovers in the interval of
sliding. Thus, the overall depth increases at the beginning of
the test until reaching a steady state. The kinetics and values
of depth during the tribotest can be accurately simulated using
the viscoelastic properties obtained experimentally.
FIG. 6. (Color online) Results of the depth simulation during tribotest for ACM rubber using the same conditions as in Fig. 1. (a) Evolution of depth; for com-
parison purposes, the simulation using higher values of viscosity (cf. Table II) is also depicted with dashed lines. (b) Contribution of each Voigt element to the
overall deformation. (c) Detailed view of the depth evolution during each cycle, at the beginning of the tribotest, and once the steady-state condition has been
reached. (d) Sketch illustrating the evolution of the cross section of the tribotrack during both situations.
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